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Introduction {#embj201798858-sec-0001}
============

Genetic and environmental factors contribute to the manifestation of neuropsychiatric disorders like schizophrenia. Taking into account the enormous complexity of the human brain, it is difficult to define causative mechanisms. One route toward a better understanding is provided by human genetics, which correlates the occurrence of neuropsychiatric disease with mutations or sequence variants in particular genes (Escudero & Johnstone, [2014](#embj201798858-bib-0013){ref-type="ref"}; Fromer *et al*, [2014](#embj201798858-bib-0016){ref-type="ref"}; Hall *et al*, [2015](#embj201798858-bib-0023){ref-type="ref"}). The functional analysis of such genes in model organisms provides an entry point to study the mechanisms and pathophysiology of neuropsychiatric diseases such as schizophrenia.

Neuregulins are a family of growth factors containing an EGF‐like domain that bind and activate tyrosine kinase receptors of the ErbB family. Four different Neuregulin genes (Nrg1, Nrg2, Nrg3, and Nrg4) exist. Neuregulins bind to the ErbB4 receptor with variable affinities and activate its tyrosine kinase with different efficacies (Yarden, [2001](#embj201798858-bib-0062){ref-type="ref"}). NRG1, NRG3, and ERBB4 mutations and gene variants have been implicated in several neuropsychiatric diseases in humans, but are most frequently associated with schizophrenia in several ethnic groups (Stefansson *et al*, [2002](#embj201798858-bib-0048){ref-type="ref"}; Chen *et al*, [2009](#embj201798858-bib-0009){ref-type="ref"}; Kao *et al*, [2010](#embj201798858-bib-0030){ref-type="ref"}; Greenwood *et al*, [2011](#embj201798858-bib-0021){ref-type="ref"}; Morar *et al*, [2011](#embj201798858-bib-0042){ref-type="ref"}; Hatzimanolis *et al*, [2013](#embj201798858-bib-0024){ref-type="ref"}). ErbB4 is expressed in various neuronal types in the brain where it controls physiology and behavior (Li *et al*, [2007](#embj201798858-bib-0034){ref-type="ref"}; Fazzari *et al*, [2010](#embj201798858-bib-0014){ref-type="ref"}; Gu *et al*, [2016](#embj201798858-bib-0022){ref-type="ref"}; Sun *et al*, [2016](#embj201798858-bib-0049){ref-type="ref"}; Geng *et al*, [2017](#embj201798858-bib-0020){ref-type="ref"}). In the neocortex and hippocampus, ErbB4 expression is restricted to GABAergic interneurons. ErbB4 expression is particularly high in hippocampal PV inhibitory interneurons, where it is enriched at postsynaptic sites (Vullhorst *et al*, [2009](#embj201798858-bib-0055){ref-type="ref"}; Fazzari *et al*, [2010](#embj201798858-bib-0014){ref-type="ref"}; Neddens *et al*, [2011](#embj201798858-bib-0043){ref-type="ref"}; Mitchell *et al*, [2013](#embj201798858-bib-0041){ref-type="ref"}). The mechanisms responsible for this postsynaptic clustering of ErbB4 remain open. Prior work has shown that mutating ErbB4 reduced the number of excitatory synapses on PV inhibitory neurons in the hippocampus, altered synapse function, and resulted in hyperactivity of the cortical circuit (Chen *et al*, [2010](#embj201798858-bib-0010){ref-type="ref"}; Fazzari *et al*, [2010](#embj201798858-bib-0014){ref-type="ref"}; Del Pino *et al*, [2013](#embj201798858-bib-0012){ref-type="ref"}; Yang *et al*, [2013](#embj201798858-bib-0060){ref-type="ref"}). In addition, ErbB4 has been assigned both a kinase‐dependent and kinase‐independent role in inhibitory synapse function (Krivosheya *et al*, [2008](#embj201798858-bib-0033){ref-type="ref"}; Mitchell *et al*, [2013](#embj201798858-bib-0041){ref-type="ref"}). Various responses of ErbB4^+^ interneurons to recombinant or transgenic overexpression of Nrg1 have been reported both *in vitro* and *in vivo* (Abe *et al*, [2011](#embj201798858-bib-0001){ref-type="ref"}; Yin *et al*, [2013](#embj201798858-bib-0063){ref-type="ref"}; Agarwal *et al*, [2014](#embj201798858-bib-0002){ref-type="ref"}; Sun *et al*, [2016](#embj201798858-bib-0049){ref-type="ref"}), and cortical ablation of *Nrg1* can result in behavioral changes and unbalanced excitatory--inhibitory neurotransmission (Agarwal *et al*, [2014](#embj201798858-bib-0002){ref-type="ref"}).

In comparison with Nrg1, little is known about another member of the Neuregulin family, Nrg3, probably because of its low affinity for ErbB4 and its poor signaling activity (Jones *et al*, [1999](#embj201798858-bib-0028){ref-type="ref"}; Hobbs *et al*, [2002](#embj201798858-bib-0026){ref-type="ref"}). This changed with the discovery that Nrg3 sequence polymorphisms are associated with schizophrenia and other psychiatric disorders (Wang *et al*, [2008](#embj201798858-bib-0057){ref-type="ref"}; Chen *et al*, [2009](#embj201798858-bib-0009){ref-type="ref"}; Xu *et al*, [2009](#embj201798858-bib-0059){ref-type="ref"}; Kao *et al*, [2010](#embj201798858-bib-0030){ref-type="ref"}; Morar *et al*, [2011](#embj201798858-bib-0042){ref-type="ref"}; Meier *et al*, [2013](#embj201798858-bib-0040){ref-type="ref"}). Ablation of Nrg3 and its overexpression in the prefrontal cortex of mice were associated with decreased and increased impulsivity, respectively, while transient overexposure of Nrg3 had lifelong consequences on behavior (Loos *et al*, [2014](#embj201798858-bib-0037){ref-type="ref"}; Paterson & Law, [2014](#embj201798858-bib-0044){ref-type="ref"}). It is interesting to note that Nrg3 is a transmembrane molecule and that transfected Nrg3 was recently observed to be located presynaptically in boutons on cultured inhibitory neurons where ErbB4 is present postsynaptically (Vullhorst *et al*, [2017](#embj201798858-bib-0056){ref-type="ref"}). However, the cellular and molecular functions of Nrg3 at the synapse are unknown.

Here, we demonstrate that Nrg3 is a functionally important interaction partner of ErbB4 using biochemical, cell biological, electrophysiological, and genetic analyses. We focused our analyses on excitatory synapses on PV inhibitory neurons in the hippocampus because we observed pronounced Nrg3 and ErbB4 co‐clustering at such synapses *in vivo*. Our *in vivo* analysis demonstrates that the loss of Nrg3 weakens the excitatory input to PV neurons, changes the paired pulse ratio at this synapse type, and alters hippocampal network activity. The extensive similarities between the Nrg3 phenotype and the phenotype previously reported for mice that lack ErbB4 in the entire brain or specifically in interneurons indicate that a dominant function of Nrg3 is exerted in excitatory synapses on ErbB4^+^ interneurons. Our mechanistic analyses performed in cultured neurons show that presynaptic Nrg3 stimulates the formation and/or stabilization of excitatory synapses onto ErbB4^+^ neurons. Furthermore, Nrg3 enhances the recruitment of synaptophysin, indicating that it participates in synapse maturation, and increases the efficacy of excitatory transmission. The effect of Nrg3 on the number and maturation of excitatory synapses in cultured inhibitory neurons depends on ErbB4, but not on ErbB4 tyrosine kinase activity. In conclusion, Nrg3 enhances synaptogenesis onto inhibitory neurons, and we suggest that it provides adhesive cues that facilitate the selection of ErbB4^+^ interneurons as synaptic partners of cortical excitatory neurons.

Results {#embj201798858-sec-0002}
=======

Nrg3 is enriched in excitatory synapses on inhibitory neurons *in vivo* {#embj201798858-sec-0003}
-----------------------------------------------------------------------

The *Nrg3* gene is expressed broadly and abundantly throughout the nervous system (Zhang *et al*, [1997](#embj201798858-bib-0064){ref-type="ref"}). In the hippocampus and the cortex, *Nrg3* transcripts can be detected in both excitatory and inhibitory neurons (Fig [1](#embj201798858-fig-0001){ref-type="fig"}A--A″). *Nrg3* mRNA levels in the cortex and hippocampus are higher than those of either *Nrg1* or *Nrg2* (Fig [1](#embj201798858-fig-0001){ref-type="fig"}B). *Nrg3* encodes a transmembrane protein whose domain structure was previously determined (Vullhorst *et al*, [2017](#embj201798858-bib-0056){ref-type="ref"}; see Fig [1](#embj201798858-fig-0001){ref-type="fig"}C for a scheme of the Nrg3 structure). Antibodies directed against Nrg3 detected a protein with a molecular weight of around 95kD in brain extracts of control mice. Subcellular fractionation demonstrated that Nrg3 was enriched in fractions containing synaptic membranes, including synaptosomes (P2′), synaptosomal membranes (P3), and synaptic plasma membranes (SPM) but not in synaptic vesicle or soluble fractions (S2′, S3′) (Fig [1](#embj201798858-fig-0001){ref-type="fig"}D).

![Expression and localization of Nrg3 *in vivo*\
ADouble fluorescence *in situ* hybridization using *Nrg3* (green)‐ and *Gad1* (red)‐specific probes; DAPI was used as a counterstain. *Nrg3* is present in *Gad1*‐positive (filled arrowheads) and *Gad1*‐negative neurons. (A′) and (A″) show higher magnifications of boxed areas indicated in (A). *Nrg3*‐negative neurons are indicated by open arrowheads; note that many but not all neurons express *Nrg3*.BComparison of mRNA levels of Nrg3, Nrg1β type III (Nrg1β−III), Nrg2β, Nrg1β type II (Nrg1β−II), Nrg2α, and Nrg1β type I (Nrg1β−I) in the cortex (Cx), hippocampus (HC), and striatum (Str) of juvenile mice (P30--60) by quantitative RT--PCR. Data represent means ± SD of four biological replicates. Two‐way ANOVA with Bonferroni\'s multiple comparisons test was performed to assess statistical significance (\*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, ns = not significant).CSchematic display of the structure of Nrg3 before (left) and after cleavage by Bace1 (right). The following domains of Nrg3 are indicated: black, N‐terminal intracellular domain and transmembrane domain; blue, extracellular domain; red EGF domain; black, stalk region with Bace1 cleavage site indicated by an arrow and C‐terminal transmembrane domain; and green, intracellular domain.DDetection of Nrg3 by Western blot analysis in fractions from brain lysates: S1, crude lysate; S2, cytosol and light membranes; S2′, cytosol; LM, light membranes; P2′, crude synaptosomes; S3′, synaptosomal cytoplasm; SV, synaptic vesicles; P3, synaptosomal membranes; and SPM, synaptic plasma membranes.E, FImmunohistochemical analysis in the hippocampus of wildtype (E, E′, E″) and ErbB4 mutant mice (F) at 2 months of age using Nrg3‐, ErbB4‐, and parvalbumin (Parv)‐specific antibodies. The white box in (E) is displayed magnified in (E′, E″). In control mice, Nrg3 is enriched on dendrites of ErbB4^+^ PV interneurons, compared to the surrounding neuropil (E′, E″). In ErbB4 mutants, the Nrg3 enrichment on PV interneurons is not apparent (F).GNrg3, ErbB4, and GluA4 were identified by immunohistology and co‐localized in synaptic puncta on dendrites of interneurons in the stratum radiatum of the hippocampal CA1. Note that (G) displays Nrg3/ErbB4, (G′) Nrg3/GluA4, and (G″) ErbB4/GluA4 signals of the same triple‐stained image; false colors were assigned for better signal visualization.HQuantification of GluA4 puncta present on ErbB4^+^ dendrites in the CA1 stratum radiatum of adult wildtype (wt) and *Nrg3* ^−/−^ mice (age P90--120). Data are presented as box plots with Tukey\'s whiskers and outliers; means are indicated by a plus symbol. *n* = 65 (wt) and *n* = 62 (*Nrg3* ^−/−^) from five animals each. Unpaired *t*‐test (two‐tailed) with Welch\'s correction was performed to assess statistical significance (\*\*\*\**P* \< 0.0001).Data information: Scale bars: 500 μm (A, E), 50 μm (F), and 5 μm (G″).Source data are available online for this figure.](EMBJ-37-e98858-g002){#embj201798858-fig-0001}

We used immunohistochemistry to analyze the distribution of Nrg3 in the brains of 2‐month‐old mice. An antibody against Nrg3 detected the protein in the neuropil where it was particularly abundant in the molecular layer of the dentate gyrus and the mossy fiber tract. In addition, puncta with higher levels of Nrg3 were detected. Nrg3 puncta co‐localized with ErbB4 in the dendrites of ErbB4^+^ PV neurons in the hippocampus (Figs [1](#embj201798858-fig-0001){ref-type="fig"}E--E″ and [EV1](#embj201798858-fig-0001ev){ref-type="fig"}; see Fig [EV1](#embj201798858-fig-0001ev){ref-type="fig"} for antibody specificity). In the cortex, Nrg3 clusters were observed on PV ErbB4^+^ interneurons and on a subset of ErbB4^+^ neurons that did not co‐express PV (Fig [EV1](#embj201798858-fig-0001ev){ref-type="fig"}). In ErbB4 mutant mice, Nrg3 association with the dendrites of PV interneurons was no longer observed (Fig [1](#embj201798858-fig-0001){ref-type="fig"}F). This indicates that Nrg3 binds to the dendritic surface of PV interneurons in an ErbB4‐dependent manner.

![Specificity of anti‐Nrg3 and anti‐ErbB4 antibodies, Nrg3/ErbB4 co‐clustering on PV‐negative neurons, and ErbB4 interneuron numbers in the hippocampus of Nrg3 mutant mice\
A, BHippocampus sections from wildtype (A, B) and *Nrg3* ^−/−^ mice (A′, B′), age P35, were immunostained for Nrg3 (A, A′) and ErbB4 (B, B′). Nrg3 is widely distributed throughout the neuropil with higher levels being associated with ErbB4^+^ interneurons (A). Nrg3 immunostaining is abolished in Nrg3 mutant tissue (A′), ErbB4 levels are unchanged (B, B′).CWestern blot analysis of lysates from cortical tissue (brain) and cultured cortical neurons (culture). The anti‐Nrg3 antibody detects a main band of about 95 kD (arrow) in lysates from wildtype (+/+) but not from Nrg3 mutant mice (−/−).DHippocampus sections from wildtype (D) and heart‐rescued ErbB4 mutant mice (D′), 2 months of age, were immunostained for ErbB4. ErbB4 immunostaining is detected in wildtype (D) but not ErbB4 mutant hippocampus (D′).EWestern blot analysis of lysates from cortical tissue. The anti‐ErbB4 antibody detects a main band of 180 kD (black arrow) and a minor band of about 70 kD (gray arrow) in lysates from wildtype (+/+) but not from ErbB4 mutant mice (−/−).FHippocampus section was immunostained against pro‐CCK, ErbB4, and Nrg3; shown is the stratum pyramidale of CA1. CCK^+^ interneurons express variable amounts of ErbB4 as indicated by white (high expression), gray (middle), and open arrowheads (no detectable ErbB4). Association of Nrg3 with soma or dendrites of CCK^+^ interneurons is not detectable.GSection of the prefrontal cortex was immunostained against Nrg3, ErbB4, and parvalbumin (Parv). Nrg3 is co‐localized with ErbB4 on soma and dendrites of PV‐positive (filled arrow and arrowheads) and PV‐negative neurons (open arrow and arrowheads).HDensities of ErbB4^+^ interneurons in different layers of the hippocampal CA1 region are identical in adult wildtype and Nrg3 mutant mice at postnatal days 90--120; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; slm, stratum lacunosum‐moleculare. Data represent mean ± SD of six biological replicates for each genotype. Two‐way ANOVA with Bonferroni\'s multiple comparisons test was performed to assess statistical significance (ns = not significant). Scale bars: 500 μm (D′), 40 μm (F″), 50 μm (G‴).\
Source data are available online for this figure.](EMBJ-37-e98858-g003){#embj201798858-fig-0001ev}

Nrg3/ErbB4 co‐localization in puncta was particularly obvious on dendrites of PV interneurons in the stratum radiatum of the CA1 hippocampus, where 95.8 ± 3.4% of Nrg3 puncta contacted clustered ErbB4, and vice versa, 93.1 ± 6.4% of ErbB4 clusters contacted Nrg3 puncta (573 puncta analyzed in 12 dendritic segments from 6 neurons). These Nrg3/ErbB4 puncta also co‐localized with the AMPA receptor subunit GluA4 (Fig [1](#embj201798858-fig-0001){ref-type="fig"}G--G″), a marker for excitatory synapses on fast‐spiking interneurons (Geiger *et al*, [1995](#embj201798858-bib-0019){ref-type="ref"}). We then examined excitatory synapse numbers on interneurons in the hippocampal CA1 region in control and *Nrg3* ^−/−^ mice. Quantification of GluA4^+^ puncta on the dendrites of PV interneurons in the stratum radiatum of the hippocampal CA1 region demonstrated a significant reduction in *Nrg3* ^−/−^ mice (Fig [1](#embj201798858-fig-0001){ref-type="fig"}H). However, the number and overall distribution of ErbB4^+^ interneurons in the hippocampus was apparently unchanged (Fig [EV1](#embj201798858-fig-0001ev){ref-type="fig"}). The role of ErbB4 in the formation and function of excitatory synapses on PV interneurons has been well documented (Fazzari *et al*, [2010](#embj201798858-bib-0014){ref-type="ref"}). Since we observed a similar reduction in the number of excitatory synapses on PV interneurons in *Nrg3* ^−/−^ brains *in vivo* as the one reported for *ErbB4* mutants, we concentrated our further investigations on the cell biological mechanisms of Nrg3 function in this synapse type.

Presynaptic Nrg3 promotes ErbB4 clustering and synapse formation {#embj201798858-sec-0004}
----------------------------------------------------------------

We used cultures of hippocampal neurons to further investigate the mechanisms of Nrg3 synaptic function. Nrg3 distribution was analyzed in neurons cultured for 21--23 days (Fig [2](#embj201798858-fig-0002){ref-type="fig"}A and A′). We observed clusters of Nrg3/ErbB4 on the dendrites of both PV‐positive and PV‐negative neurons in culture (Fig [EV2](#embj201798858-fig-0002ev){ref-type="fig"}). Most synaptic Nrg3 clusters (81.6 ± 1.4%, mean ± SEM) co‐localized with ErbB4 and, similarly, most (80.8 ± 1.6%) ErbB4 puncta co‐localized with Nrg3 (42 dendrites from 30 neurons were quantified in three independent experiments). Next, we analyzed the presence of endogenous Nrg3 in excitatory and inhibitory synapses identified by antibodies against the vesicular glutamate transporters vGlut1/2 and the vesicular GABA transporter vGAT, respectively. Among the vGlut1/2^+^ and vGAT^+^ synapses, about 54.1 ± 3.2% and 21.5 ± 1.4% contained Nrg3, respectively (Fig [2](#embj201798858-fig-0002){ref-type="fig"}B). Nrg3 levels in vGAT^+^ synapses were lower than the levels observed in vGlut1/2^+^ synapses (Fig [2](#embj201798858-fig-0002){ref-type="fig"}C). The comparatively low number of inhibitory synapses and the small ratio of those containing Nrg3 provide an explanation for our difficulties detecting Nrg3 in inhibitory synapses *in vivo*. To assess whether Nrg3 affects synaptogenesis in cultured neurons, we counted the number of excitatory vGlut1/2^+^ synapses on the dendrites of PV interneurons (Fig [2](#embj201798858-fig-0002){ref-type="fig"}D). Similarly to the *in vivo* situation, we observed a significant reduction in the number of excitatory synapses in *Nrg3* ^−/−^ compared to control cultures.

![Nrg3 locates to synapses on ErbB4^+^ interneurons *in vitro*\
Hippocampal neurons cultured for 21 days were analyzed by immunocytochemistry using antibodies against Nrg3, ErbB4, and vGlut1, demonstrating co‐clustering of Nrg3 and ErbB4 in excitatory synapses. Note that (A) displays Nrg3/vGlut1 and (A′) Nrg3/ErbB4 signals of the same triple‐stained image.Quantification of the proportions of vGlut1/2^+^ and vGAT^+^ presynaptic boutons that are positive for Nrg3 (two‐tailed Wilcoxon test, \*\*\*\**P* \< 0.0001, *n* = 18 from two independent experiments).Quantification of Nrg3 immunofluorescence levels in vGlut1/2^+^ and vGAT^+^ presynaptic boutons that are positive for Nrg3 (A.U., arbitrary units, two‐tailed Wilcoxon test, \*\*\*\**P* \< 0.0001, *n* = 17 from two independent experiments).Quantification of vGlut1/2^+^ synapse numbers on secondary dendrites of PV interneurons in cultures from wildtype (wt) and *Nrg3* ^−/−^ mice (21--24 days in culture). Data from *n* = 27 (wt) and *n* = 26 (*Nrg3* ^−/−^) neurons from three independent experiments were analyzed using two‐tailed Mann--Whitney *U*‐test, \*\*\*\**P* \< 0.0001.Immunocytochemical analysis of a mixed culture containing neurons of wildtype and *ErbB4* ^−/−^;*Gad1/Gad67‐GFP* animals triple‐stained against ErbB4, GFP, and Nrg3. To improve the visibility, ErbB4 and Nrg3 signals are also shown separately (E′, E″). ErbB4^+^ interneurons from wildtype animals are indicated by filled arrowheads, and interneurons from *ErbB4* ^−/−^ mice were identified by GFP and are indicated by open arrowheads.Immunocytochemical analysis of a mixed culture containing neurons from wildtype and *Nrg3* ^−/−^ *;Gad1/Gad67‐GFP* animals triple‐stained against ErbB4, GFP, and Nrg3. To improve visibility, ErbB4 and Nrg3 signals are also shown separately (F′, F″). ErbB4^+^ interneurons from *Nrg3* ^−/−^ animals are GFP‐positive and are indicated by open arrowheads; ErbB4^+^ interneurons from wildtype animals are GFP‐negative and are indicated by filled arrowheads.Data information: Scale bars: 10 μm (A′) and 50 μm (F″). Data in (B--D) are presented as box plots with Tukey\'s whiskers and outliers; means are indicated by plus symbols.](EMBJ-37-e98858-g004){#embj201798858-fig-0002}

![Nrg3/ErbB4 co‐clustering in cultured PV‐positive and PV‐negative interneurons\
A, BNeurons, cultured for 23 days, were co‐immunostained with antibodies against Nrg3, ErbB4, parvalbumin (Parv), and vGlut1/2. Nrg3 and ErbB4 co‐clustered on the dendrites of PV‐positive (A) and PV‐negative neurons (B). Note that (A--A″) and (B--B″) display false colors of the same images. Scale bar: 10 μm (B″).](EMBJ-37-e98858-g005){#embj201798858-fig-0002ev}

We next tested whether recruitment of Nrg3 to synaptic sites in culture also depends on ErbB4. For this, we used cultured neurons from *ErbB4* ^−/−^ mice that carried one *Gad1/Gad67‐GFP* allele (Tamamaki *et al*, [2003](#embj201798858-bib-0050){ref-type="ref"}). The *Gad1/Gad67‐GFP* allele is expressed by inhibitory neurons, which allowed their identification by GFP. We also mixed neurons from wildtype mice into these cultures. Interneurons from wildtype animals were identified by staining for ErbB4, while interneurons from *ErbB4* ^−/−^ animals were identified by GFP. In these mixed cultures, Nrg3 puncta were present on ErbB4^+^ but not on GFP‐positive *ErbB4* ^−/−^ interneurons (Fig [2](#embj201798858-fig-0002){ref-type="fig"}E--E″). Thus*, in vitro* and *in vivo*, Nrg3 recruitment to synapses on inhibitory neurons depends on ErbB4.

*Nrg3* is also expressed by GABAergic interneurons (Fig [1](#embj201798858-fig-0001){ref-type="fig"}A). This raises the question of whether clustered Nrg3 detected on dendrites is derived from the postsynaptic cell. To address this, we again used mixed neuronal cultures, i.e., cultures containing neurons from *Nrg3* ^−/−^ mice that carried one *Gad1/Gad67‐GFP* allele mixed with neurons from wildtype mice. Immunohistochemical analysis demonstrated indistinguishable punctate patterns of Nrg3 on GFP‐positive *Nrg3* ^−/−^ and GFP‐negative wildtype neurons (Fig [2](#embj201798858-fig-0002){ref-type="fig"}F--F″), thus demonstrating that Nrg3 is produced presynaptically and provided in trans.

We subsequently used lentivirus‐infected cultures of hippocampal neurons, the lentivirus co‐expressing *Nrg3* and synaptophysin fused to cyan fluorescent protein (*SypCFP*) (Fig [EV3](#embj201798858-fig-0003ev){ref-type="fig"}). *Nrg3* expression was driven by the *synapsin* (*Syn1*) promoter. In vGlut1/2^+^ synapses, the virally produced Nrg3 was present at a 2.2‐fold higher level than the endogenous Nrg3 protein as determined by immunofluorescence (Fig [EV3](#embj201798858-fig-0003ev){ref-type="fig"}). We used the *Nrg3/SypCFP* lentivirus at a titer that infected 10--20% of the cultured neurons. In these cultures, infected and non‐infected neurons formed synapses, and these two types of synapses were distinguished by the presence or absence of SypCFP, respectively (see scheme in Fig [3](#embj201798858-fig-0003){ref-type="fig"}A). Most SypCFP^+^ puncta were stained with antibodies against vGlut1/2 and thus represented excitatory synapses (mean ± SD: 79.2 ± 11.5% and 60.3 ± 14.3% of the SypCFP^+^ puncta on ErbB4‐positive and ErbB4‐negative neurons, respectively; *n* = 27 neurons from four independent experiments; see also Fig [3](#embj201798858-fig-0003){ref-type="fig"}B--B″). The SypCFP^+^ puncta apposed clustered glutamate receptors detected by an anti‐GluA antibody (Fig [EV3](#embj201798858-fig-0003ev){ref-type="fig"}). A low number of SypCFP^+^ boutons contained the vesicular GABA transporter vGAT and therefore correspond to inhibitory synapses (4.6 ± 5.1% and 8.8 ± 9.4% of SypCFP^+^ puncta on ErbB4^+^ and ErbB4^−^ neurons were vGAT^+^, respectively; *n* = 28 neurons from four independent experiments). These transduced cultures provided an experimental strategy that allowed us to compare and quantify excitatory synapses generated by neurons that presented/did not present Nrg3 in a single culture.

![Lentiviral expression of Nrg3 and Nrg3ΔEGF\
A, BSchematic display of the expression cassettes. The *synapsin I* (Syn1) promoter is used for neuronal expression. Coding sequences for red fluorescence protein with a nuclear localization sequence (nRFP) and a fusion protein of synaptophysin and the cyan fluorescent protein (SypCFP) are followed by coding sequences for Nrg3 (A) or Nrg3ΔEGF (B). nRFP, SypCFP, and Nrg3/Nrg3ΔEGF coding sequences are separated by 2A sequences.C, DComparison of Nrg3 (C) and SypCFP (D) expression levels in *Nrg3* ^−/−^ neurons that were transduced with the Nrg3/SypCFP (middle lanes) and Nrg3ΔEGF/SypCFP lentiviruses (right lanes) at high titer, respectively, by Western blot analysis using antibodies against Nrg3 (C) and GFP (D). The lanes indicated by (−) show lysates from non‐transduced neurons as negative control. Both lentiviruses express similar protein levels of Nrg3/Nrg3ΔEGF and SypCFP. Note that the main Nrg3 band in lysates from neurons transduced with the Nrg3ΔEGF/SypCFP lentivirus is smaller due to the deletion.EImmunocytochemical comparison of endogenous and lentivirally expressed Nrg3 levels in vGlut1/2^+^ excitatory synapses on ErbB4^+^ neurons in cultures of wildtype (wt, left) or *Nrg3* ^−/−^ neurons transduced with the SypCFP/Nrg3 lentivirus (right). Fluorescence levels were normalized to the mean fluorescence level in wildtype neuron cultures. The Nrg3 lentivirus produced 2.17 ± 0.14‐fold higher Nrg3 levels than wt neurons, and *n* = 13 and 11 neurons were analyzed in cultures from wildtype and Nrg3 mutants, respectively. Data are presented as box plots with Tukey\'s whiskers and outliers. Plus symbols denote the mean.FHippocampal *Nrg3* ^−/−^ neurons after transduction with lentivirus expressing SypCFP/Nrg3 were analyzed by immunocytochemistry using antibodies against CFP, ErbB4, vGlut1/2, and GluA. Panels show the same image and display SypCFP/ErbB4, SypCFP/vGlut1/2, and SypCFP/GluA signals, respectively. The images were assigned false colors for better visualization of the signals. SypCFP, ErbB4, vGlut1/2, and GluA co‐localize in excitatory synapses. Scale bar: 5 μm.\
Source data are available online for this figure.](EMBJ-37-e98858-g007){#embj201798858-fig-0003ev}

![Nrg3 promotes the formation of excitatory synapses onto ErbB4^+^ interneurons *in vitro*\
ASchematic display of the culture model using hippocampal neurons that were infected by a lentivirus co‐expressing a synaptophysin‐CFP fusion protein (SypCFP) together with either Nrg3 or Nrg3ΔEGF at a low titer so that 10--20% of the hippocampal neurons were transduced with the lentivirus (depicted as a light blue colored neuron with a red nucleus). Presynaptic boutons formed by non‐transduced (depicted as a light gray neuron with a white nucleus) and transduced neurons can be distinguished by the absence or presence of CFP labeling (gray and blue boutons, respectively).BHippocampal *Nrg3* ^−/−^ neurons after transduction with lentivirus co‐expressing SypCFP/Nrg3 were analyzed by immunocytochemistry. (B) Antibodies against CFP, ErbB4, Nrg3, and vGlut1/2; (B), (B′), and (B″) show the same image and display SypCFP/ErbB4, SypCFP/Nrg3, and SypCFP/vGlut1/2 signals, respectively. The images were assigned false colors for better visualization of the signals. SypCFP, Nrg3, and ErbB4 co‐localize in excitatory vGlut1/2^+^ synapses.C, DCorrelation analyses of the levels of ErbB4 and Nrg3 (C) or ErbB4 and SypCFP (D) staining in vGlut1/2^+^ synapses; every dot corresponds to one synapse. Cultured *Nrg3* ^−/−^ neurons were transduced with either SypCFP/Nrg3 (black in C, D) or SypCFP/Nrg3ΔEGF (red in D) lentiviruses.E, FHippocampal *Nrg3* ^−/−^ neurons were transduced with (E) SypCFP/Nrg3 or (F) SypCFP/Nrg3ΔEGF viruses and immunostained for vGlut1/2, ErbB4, and SypCFP. Both viruses express similar amounts of protein (Fig [EV2](#embj201798858-fig-0002ev){ref-type="fig"}). In cultures transduced with the SypCFP/Nrg3 virus, synaptic enrichment of ErbB4 and SypCFP was very pronounced, but not in cultures transduced with the SypCFP/Nrg3ΔEGF virus. Note that (E--E‴) and (F--F‴) display the same images, but color channels were separated for better visualization.GErbB4 enrichment in synapses formed in hippocampal cultures after infection with either the SypCFP/Nrg3 or the SypCFP/Nrg3ΔEGF virus. We compared neuronal cultures of different genotypes (*Nrg3* ^−/−^ and wildtype cultures indicated by *N3* ^−^ and wt, respectively). ErbB4 enrichment was calculated as the level of ErbB4 in synapses formed by infected neurons (vGlut1/2^+^/SypCFP^+^ boutons) divided by the level of ErbB4 in synapses formed by uninfected neurons (vGlut1/2^+^/SypCFP‐ boutons). The dashed line indicates a ratio of 1 at which SypCFP‐positive and SypCFP‐negative boutons would behave identical.HQuantification of the preference for neurons expressing SypCFP/Nrg3 or SypCFP/Nrg3ΔEGF to form synapses on ErbB4^+^ neurons. The synapse preference was calculated as the proportion of vGlut1/2 boutons containing SypCFP that were present on ErbB4‐positive neurons divided by the proportion of such boutons present on ErbB4‐negative neurons.IQuantification of SypCFP enrichment in excitatory synapses on ErbB4^+^ neurons. Enrichment was determined as the ratio between SypCFP levels in SypCFP^+^/vGlut1/2 boutons on ErbB4‐positive and ErbB4‐negative neurons.J, KHippocampal neurons from *Nrg3* ^−/−^ (J) and *Nrg3* ^−/−^;*ErbB4* ^−/−^ (K) mice were transduced with the SypCFP/Nrg3‐expressing virus and immunostained for Nrg3, ErbB4/parvalbumin and SypCFP. Nrg3 and SypCFP were strongly enriched in synapses on dendrites of PV neurons in *Nrg3* ^−/−^ (J) but not *Nrg3* ^−/−^;*ErbB4* ^−/−^ cultures (K).L--NQuantification of synapse preference (L), enrichment of SypCFP (M) and of Nrg3 (N) in *Nrg3* ^−/−^ (*N3* ^−^) and *Nrg3* ^−/−^;*ErbB4* ^−/−^ (*N3* ^−^ *E4* ^−^) hippocampal cultures transduced with the SypCFP/Nrg3 lentivirus. Synapse preference (L) was calculated as the proportion of vGlut1/2 boutons containing SypCFP present on parvalbumin‐positive neurons divided by the proportion of such boutons present on parvalbumin‐negative neurons. SypCFP enrichment (M) was determined as the ratio of SypCFP levels in SypCFP/vGlut1/2^+^ boutons present on parvalbumin‐positive and parvalbumin‐negative neurons. Nrg3 enrichment (N) was determined as the ratio of Nrg3 levels in SypCFP^+^/vGlut1/2^+^ boutons present on parvalbumin‐positive and parvalbumin‐negative neurons.Data information: Scale bars: 5 μm (B″, F‴, K‴). (G--I) Data from *n* = 31 (LV‐Nrg3, *N3* ^−^), *n* = 29 (LV‐Nrg3, wt), and *n* = 29 (LV‐Nrg3ΔEGF) samples from more than three independent experiments were analyzed. (L--N) Data from *n* = 55 (LV‐Nrg3, *N3* ^−^), *n* = 53 (LV‐Nrg3, *N3* ^−^ *E4* ^−^), and *n* = 45 (LV‐Nrg3ΔEGF, not shown in graphs) samples from more than three independent experiments were analyzed. Data in (G--I, L--N) are presented as box plots with Tukey\'s whiskers and outliers; means are indicated by plus symbols. One‐way ANOVA with Tukey\'s multiple comparisons test was performed to assess statistical significance (\*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01).](EMBJ-37-e98858-g006){#embj201798858-fig-0003}

We used *SypCFP/Nrg3* transduced *Nrg3* ^−/−^ cultures to measure Nrg3 and ErbB4 levels in vGlut1/2^+^/SypCFP^+^ synapses using immunocytochemistry (Fig [3](#embj201798858-fig-0003){ref-type="fig"}B--B″). The levels of Nrg3 and ErbB4 in synapses correlated (Fig [3](#embj201798858-fig-0003){ref-type="fig"}C); similarly, levels of SypCFP and ErbB4 correlated (Fig [3](#embj201798858-fig-0003){ref-type="fig"}D, black dots and black line). Next, we used a lentivirus that co‐expressed *Nrg3ΔEGF* and *SypCFP* (Fig [EV3](#embj201798858-fig-0003ev){ref-type="fig"}). Nrg3ΔEGF lacks the EGF domain and is therefore unable to bind ErbB4 (Jones *et al*, [1999](#embj201798858-bib-0028){ref-type="ref"}; Van Zoelen *et al*, [2000](#embj201798858-bib-0053){ref-type="ref"}). When the *SypCFP/Nrg3ΔEGF* virus was transduced in *Nrg3* ^−/−^ neurons, SypCFP and ErbB4 levels did not correlate in vGlut1/2^+^ synapses (Fig [3](#embj201798858-fig-0003){ref-type="fig"}D, red dots and red line). This indicates that the Nrg3 EGF domain is essential for the pronounced ErbB4 recruitment at the synapses. In agreement, previous observations demonstrated that an excess of the soluble Nrg1 EGF domain interferes with synaptic ErbB4 recruitment (Vullhorst *et al*, [2017](#embj201798858-bib-0056){ref-type="ref"}). We used a Fiji/ImageJ macro to identify vGlut1/2^+^ boutons on ErbB4^+^ inhibitory neurons formed by (i) infected cells (SypCFP‐positive synapses) and (ii) non‐infected cells (SypCFP‐negative synapses). In a second step, we quantified the ratio of ErbB4 protein levels in SypCFP‐positive versus SypCFP‐negative synapses. This demonstrated that ErbB4 recruitment was enhanced when synapses were formed by neurons transduced with the *SypCFP/Nrg3* virus, but not when the *SypCFP/Nrg3ΔEGF* virus was used (Fig [3](#embj201798858-fig-0003){ref-type="fig"}E and F, quantified in [3](#embj201798858-fig-0003){ref-type="fig"}G). Enhancement by virally expressed *SypCFP/Nrg3* was less pronounced when wildtype cells were transduced with the virus (Fig [3](#embj201798858-fig-0003){ref-type="fig"}G). From these experiments, we conclude that the amount of postsynaptic ErbB4 correlates with levels of presynaptic Nrg3.

To further analyze the effects of Nrg3 in synaptogenesis, we transduced *Nrg3* ^−/−^ and wildtype neurons with the *SypCFP/Nrg3* lentivirus and quantified numbers of excitatory vGlut1/2^+^ synapses formed by infected (SypCFP‐positive) and non‐infected (SypCFP‐negative) cells on either ErbB4‐positive or ErbB4‐negative neurons. We calculated the proportions of excitatory synapses formed by infected cells (vGlut1/2^+^SypCFP^+^ puncta/all vGlut1/2^+^ puncta) on ErbB4‐positive and ErbB4‐negative neurons. In *Nrg3* ^−/−^ and wildtype cultures, this proportion was increased 4.4‐fold and 3‐fold on ErbB4‐positive relative to ErbB4‐negative neurons, respectively (quantified in Fig [3](#embj201798858-fig-0003){ref-type="fig"}H). *Nrg3* ^−/−^ neurons expressing Nrg3ΔEGF did not prefer to form synapses on ErbB4‐positive interneurons (Fig [3](#embj201798858-fig-0003){ref-type="fig"}H). Thus, Nrg3 mutant neurons are poor donors of presynaptic terminals in the presence of competing neurons that produce Nrg3. Moreover, the preference to synapse onto ErbB4^+^ neurons depends on Nrg3 levels.

Next, we quantified SypCFP levels in vGlut1/2^+^ presynaptic boutons in neuronal cultures transduced with the *SypCFP/Nrg3* lentivirus. When neuron cultures from *Nrg3* ^−/−^ or wildtype brains were transduced, SypCFP levels were markedly higher in excitatory boutons on ErbB4‐positive than ErbB4‐negative dendrites (Fig [3](#embj201798858-fig-0003){ref-type="fig"}I). Increased levels of SypCFP in synapses on ErbB4‐positive interneurons depended on the presence of the EGF domain in Nrg3 (Fig [3](#embj201798858-fig-0003){ref-type="fig"}I). We conclude that Nrg3 increases the recruitment of presynaptic proteins to synapses on ErbB4 neurons.

Therefore, we tested whether Nrg3‐dependent synaptogenesis on interneurons required ErbB4 by comparing *Nrg3* ^−/−^ and *Nrg3* ^−/−^;*ErbB4* ^−/−^ neuron cultures infected with the *SypCFP/Nrg3* lentivirus at a low titer. We used PV antibodies to identify dendrites of inhibitory neurons. This demonstrated that the Nrg3‐dependent preference to synapse onto PV interneurons depended on the presence of ErbB4 (Fig [3](#embj201798858-fig-0003){ref-type="fig"}J and K quantified in [3](#embj201798858-fig-0003){ref-type="fig"}L). Furthermore, the increased recruitment of SypCFP and Nrg3 to presynaptic boutons was also ErbB4‐dependent (Fig [3](#embj201798858-fig-0003){ref-type="fig"}M and N).

Nrg3 functions do not require ErbB4 tyrosine kinase activity {#embj201798858-sec-0005}
------------------------------------------------------------

Nrg3 was previously shown to bind exclusively to ErbB4 or ErbB4/ErbB2 heterodimers and to be a poor signaling molecule in cancer cells (Hobbs *et al*, [2002](#embj201798858-bib-0026){ref-type="ref"}). We tested the signaling capacity of Nrg3 in hippocampal neurons using soluble His~6~‐tagged EGF domains of Nrg1 and Nrg3 produced in 293T cells. The proteins were partially purified, and their concentration and purity were estimated by gel electrophoresis (see [Materials and Methods](#embj201798858-sec-0013){ref-type="sec"}). At a 10 nM concentration, the EGF domain of Nrg1 induced a strong tyrosine phosphorylation of ErbB4 and increased phosphorylation of Erk and Akt (Fig [4](#embj201798858-fig-0004){ref-type="fig"}A and B). The EGF domain of Nrg3 did not stimulate ErbB4 phosphorylation, not even at 2,000 nM when mild increases in pErk and pAkt levels were observed (increase of 33 ± 4% and 9 ± 8%, respectively). Thus, Nrg3 poorly activates ErbB4 tyrosine kinase signaling in hippocampal neurons.

![ErbB4 but not ErbB4 kinase activity mediates Nrg3 functions in synaptogenesis\
AHis~6~‐tagged EGF domains of Nrg1β and Nrg3 were added to neuronal cultures at the indicated concentrations. Western blot analyses of ErbB4 immunoprecipitates using antibodies against phospho‐tyrosine (pY) and ErbB4, and of whole lysates using antibodies against pErk1/2 and pAkt.BQuantification of Nrg1 and Nrg3‐dependent changes in phosphorylation of ErbB4, Erk1/2 and Akt normalized to input, where 100% corresponds to the maximal change observed for His~6~‐Nrg1β. Data represent mean ± SD from three independent experiments.C, DNeurons from *Nrg3* ^−/−^;*ErbB4* ^*flox*/−^ *;vGAT‐Cre* mice were transduced with a lentivirus expressing either (C) ErbB4^wt^ or (D) ErbB4^kd^ (kinase‐dead ErbB4) in a Cre‐dependent manner, and with a second virus at a low titer expressing Nrg3/SypCFP. Immunocytochemical analysis of ErbB4 and SypCFP; (C, C′) and (D, D′) each show the same image, and (C′, D′) show the SypCFP signal.E--GQuantification of Synapse preference toward ErbB4^+^ neurons (E), ErbB4 enrichment (F), and SypCFP enrichment (G) in synapses on neurons expressing wildtype ErbB4 (wt) or ErbB4^kd^ (kd).H*Nrg3* ^−/−^ neuron cultures were transfected with a plasmid that strongly overexpresses Nrg3 and GFP and immunostained with antibodies against ErbB4, GFP, and GluA; (H) shows the triple‐stained image, while (H′) and (H″) only show ErbB4 and GluA signals, respectively.ICo‐cultures of *Nrg3* ^−/−^ neurons with HEK293 cells expressing Nrg3. Cultures were stained with antibodies against Nrg3, ErbB4, and GluA. Note that Nrg3, ErbB4, and GluA are enriched at the contact sites between Nrg3‐expressing HEK293 cells and ErbB4^+^ neurons.JSchematic diagram of the strategy used to obtain paired recordings in cultures obtained from *Nrg3* ^−/−^;*Gad1*/*Gad67GFP* mice. Inhibitory neurons were identified by GFP expression. The cultures were transduced with lentiviruses expressing either Nrg3 or Nrg3ΔEGF (N3 and N3Δ, respectively) together with nuclear red fluorescence protein (nRFP). Transduced neurons, identified by nuclear RFP fluorescence, were stimulated, and evoked responses were recorded from interneurons that were GFP‐positive and nRFP‐negative at 12--15 days in culture.K--MSample traces of paired recordings (K), quantification of the amplitude of the evoked excitatory postsynaptic currents (eEPSCs) (L), and quantification of paired pulse ratios (M).Data information: Scale bars: 5 μm (D′) and 25 μm (H″, I‴). (E--G) Data from *n* = 27 (LV‐Nrg3, ErbB4^wt^), *n* = 27 (LV‐Nrg3, ErbB4^kd^), and *n* = 29 (LV‐Nrg3ΔEGF, not shown) samples from three independent experiments were analyzed using one‐way ANOVA with Tukey\'s multiple comparisons test to assess statistical significance (ns = not significant). (L, M) Data from *n* = 8 (LV‐Nrg3) and *n* = 9 (LV‐Nrg3ΔEGF) from more than three independent experiments were analyzed using (L) Mann--Whitney *U*‐test (unpaired, two‐tailed) and (M) *t*‐test (unpaired, two‐tailed) to assess statistical significance (\*\**P* \< 0.01). Data in (E--G, L, M) are presented as box plots with Tukey\'s whiskers and outliers. The means are indicated by plus symbols.Source data are available online for this figure.](EMBJ-37-e98858-g008){#embj201798858-fig-0004}

Next, we asked whether Nrg3 requires ErbB4 signaling for its role in synapse formation. Tyrosine kinases require an intact ATP‐binding site for their enzymatic activity. Thus, mutation of the ErbB4 ATP‐binding site (K751M) abolishes its kinase activity (Prickett *et al*, [2009](#embj201798858-bib-0046){ref-type="ref"}), and is subsequently named kinase‐dead ErbB4. We used neuronal cultures from *Nrg3* ^−/−^ *;ErbB4flox/−;vGAT‐cre* mice. Inhibitory vGAT^+^ interneurons from these mice did not produce endogenous ErbB4. Wildtype or kinase‐dead ErbB4 was re‐expressed in inhibitory interneurons using cre‐dependent lentiviruses. Additionally, these neurons were transduced with a virus expressing *SypCFP/Nrg3* at a low titer (Fig [4](#embj201798858-fig-0004){ref-type="fig"}C and D). As before, synapses formed by Nrg3‐transduced (SypCFP^+^) and non‐transduced (SypCFP‐negative) neurons were compared. Regardless of whether wildtype or kinase‐dead ErbB4 was expressed, SypCFP/Nrg3 neurons preferred to synapse on inhibitory ErbB4^+^ interneurons (Fig [4](#embj201798858-fig-0004){ref-type="fig"}E). Furthermore, ErbB4 and presynaptic SypCFP were enriched to similar extents in synapses on wildtype or kinase‐dead ErbB4‐expressing interneurons (Fig [4](#embj201798858-fig-0004){ref-type="fig"}F and G). Thus, ErbB4 is needed for Nrg3‐dependent effects on synapse formation and maturation, but ErbB4 kinase activity is dispensable.

Interestingly, when we strongly overexpressed Nrg3 together with GFP in neurons using the *CMV/synapsin‐1* promoter, extended contacts between GFP^+^ axons and dendrites of ErbB4^+^ neurons were formed. ErbB4 and AMPA receptors (GluA) accumulated at these unusual contacts (Fig [4](#embj201798858-fig-0004){ref-type="fig"}H--H″) that were neither formed with ErbB4‐negative neurons nor when Nrg3ΔEGF was overexpressed. This result suggests that Nrg3/ErbB4 interactions provide adhesive cues.

To test this further, we expressed Nrg3 or Nrg3ΔEGF in non‐neuronal cells (HEK293) and asked whether the Nrg3 presented by HEK293 cells is able to induce postsynaptic specializations in co‐cultured neurons. GluA, ErbB4, and Nrg3 were recruited to contacts between Nrg3‐producing HEK cells and ErbB4^+^ interneurons (Fig [4](#embj201798858-fig-0004){ref-type="fig"}I--I‴). This was not observed when the contacting neuron was ErbB4‐negative or when the HEK cells expressed Nrg3ΔEGF (Fig [EV4](#embj201798858-fig-0004ev){ref-type="fig"}). Thus, remarkably, Nrg3 presented by non‐neuronal cells to interneurons induces ErbB4 recruitment and postsynaptic specialization.

![Interaction of Nrg3‐ and Nrg3ΔEGF‐expressing HEK293 cells with ErbB4^+^ neurons\
A, BNeurons from Nrg3 mutant mice were co‐cultured with (A) Nrg3‐ and (B) Nrg3ΔEGF‐expressing HEK293 cells and immunostained for Nrg3/Nrg3ΔEGF (red) and ErbB4 (green). DAPI was used to counterstain nuclei (blue). Nrg3 and ErbB4 are highly enriched in contact areas between Nrg3‐expressing HEK cells and ErbB4^+^ interneurons (A); (A′ and A″) show lower exposures of the immunofluorescence signals of ErbB4 and Nrg3. Note that Nrg3ΔEGF and ErbB4 remained evenly distributed when an ErbB4^+^ interneuron was contacted by an Nrg3ΔEGF‐expressing HEK cell (B). Scale bar: 25 μm](EMBJ-37-e98858-g009){#embj201798858-fig-0004ev}

Nrg3 modulates synaptic plasticity and strength in culture {#embj201798858-sec-0006}
----------------------------------------------------------

We next tested whether the presence of Nrg3 changed the functional properties of synapses. For this, we used cultured neurons from *Nrg3* ^−/−^ mice that additionally carried one *Gad1/Gad67‐GFP* allele (Tamamaki *et al*, [2003](#embj201798858-bib-0050){ref-type="ref"}). Cultures were infected with a lentivirus encoding nuclear red fluorescent protein (*nRFP*) and *Nrg3* or *Nrg3ΔEGF*. We conducted paired recordings, in which nRFP^+^/GFP^−^ excitatory neurons were stimulated and postsynaptic currents were recorded from connected nRFP^−^/GFP^+^ inhibitory neurons (schematically shown in Fig [4](#embj201798858-fig-0004){ref-type="fig"}J). The amplitude of the evoked excitatory postsynaptic current was markedly higher when Nrg3 was expressed in the presynaptic cell (Fig [4](#embj201798858-fig-0004){ref-type="fig"}K and L). Furthermore, the paired pulse ratio, i.e., the ratio between the postsynaptic responses to two consecutive presynaptic stimulations, was strongly depressed if presynaptic cells expressed Nrg3, but not if they expressed Nrg3ΔEGF (Fig [4](#embj201798858-fig-0004){ref-type="fig"}M). Thus, presynaptic Nrg3 influences the electrophysiological properties of synapses and modulates both synapse strength and short‐term plasticity.

Nrg3 changes excitatory input into inhibitory neurons in hippocampal slices {#embj201798858-sec-0007}
---------------------------------------------------------------------------

We next directly analyzed the functional connectivity of inhibitory neurons in acute hippocampal slices from *Nrg3* ^−/−^ and wildtype mice. For this, PV interneurons were genetically labeled with tdTomato (*Parv‐cre;Ai14* mice), and connected pyramidal and tdTomato^+^ neuron pairs were identified in the CA1 region of the hippocampus (schematically shown in Fig [5](#embj201798858-fig-0005){ref-type="fig"}A). A substantially reduced proportion of pyramidal neurons were connected to PV interneurons in *Nrg3* ^−/−^ compared to wildtype brain slices (Fig [5](#embj201798858-fig-0005){ref-type="fig"}B), which is in accordance with the loss of excitatory synapses on PV neurons. Furthermore, in paired recordings the amplitudes of evoked excitatory postsynaptic currents in PV interneurons were markedly reduced in acute *Nrg3* ^−/−^ slices (Fig [5](#embj201798858-fig-0005){ref-type="fig"}C and D). Finally, the paired pulse ratio was moderately increased in *Nrg3* ^−/−^ slices, indicating altered short‐term plasticity at connections between pyramidal neurons and PV interneurons in the hippocampus (Fig [5](#embj201798858-fig-0005){ref-type="fig"}E). Other parameters of PV interneurons were unchanged, i.e., input resistance (84 ± 4 vs. 116 ± 20 MΩ, *P* \> 0.5) and maximal firing frequency (146 ± 50 Hz vs 162 ± 75 Hz, *P* \> 0.5; Fig [EV5](#embj201798858-fig-0005ev){ref-type="fig"}). Thus, Nrg3 ablation changes the functional properties of synapses between pyramidal neurons and PV interneurons, while the basic physiology of interneurons remains intact. Notably, reciprocal changes of synaptic properties were observed in slices from Nrg3 mutants and after Nrg3 overexpression in cultured neurons.

![Reduced connectivity of ErbB4^+^ PV interneurons in Nrg3 mutants\
ASchematic outline of the connectivity analyses performed in hippocampal slices. PV inhibitory cells (shown in red) were identified using a genetically encoded fluorescence marker (*ParvCre;Ai14flox*) and recorded from. Neighboring pyramidal neurons were stimulated to probe for connectivity to the recorded interneuron.BQuantification of the proportion of connected vs. unconnected pyramidal neurons in slices from wildtype (wt) and *Nrg3* mutants. Data are presented as bars, and the numbers of connected/tested neuron pairs from 20 wildtype and 30 mutant mice are displayed. Chi‐square test was performed to assess statistical significance (\*\*\*\**P* \< 0.0001).CExample traces of evoked excitatory postsynaptic currents (eEPSCs) averaged over 50 sweeps.D, EQuantification of the peak amplitude of the first eEPSC (D) and of the paired pulse ratio (E).F--IsEPSC recordings from CA1 pyramidal (F, H) and PV neurons (G, I) in acute slices. sEPSC frequencies (F, G) and amplitudes (H, I) are shown.Data information: (D--E) Data from *n* = 59 (wt) and *n* = 55 (*Nrg3* ^−/−^) neuron pairs from 20 wildtype and 30 *Nrg3* ^−/−^ mutant mice were analyzed using Mann--Whitney *U*‐test (unpaired, two‐tailed, \**P* \< 0.05). Means ± SD of eEPSC amplitudes shown in (D): wt 24.9 ± 30.4 pA, *Nrg3* ^−/−^ 13.6 ± 16.6 pA. Means ± SD of paired pulse ratio (PPR) shown in (E): wt 0.81 ± 0.47, *Nrg3* ^−/−^ 0.94 ± 0.40. (F--I) Data from *n* = 17 wildtype and 16 *Nrg3* ^−/−^ pyramidal neurons and *n* = 17 wildtype and 13 *Nrg3* ^−/−^ PV interneurons recorded in slices of five wildtype and seven *Nrg3* ^−/−^ mice were analyzed using unpaired two‐tailed *t*‐test (\**P* \< 0.05; ns, not significant). Data in (D--I) are presented as box plots with Tukey\'s whiskers and outliers; means are indicated as plus symbols.](EMBJ-37-e98858-g010){#embj201798858-fig-0005}

![Electrophysiological properties of PV interneurons in the hippocampal CA1 region of wildtype and Nrg3 mutant mice\
AOverlay of an infrared DIC image of the stratum pyramidale of the hippocampal CA1 with tdTomato fluorescence in a slice from a *Parv* ^*Cre/+*^ *;Ai14* ^*flox/+*^ mouse. Dotted lines highlight the stimulation and recording electrodes.BExample traces of the firing pattern of wildtype and *Nrg3* ^−/−^ PV interneurons. A current of 900 pA was injected for both patterns.CInput resistance of PV interneurons in slices from wildtype and *Nrg3* ^−/−^ mice. Data from *n* = 59 (wt) and *n* = 55 (*Nrg3* ^−/−^) neurons from 20 wt and 30 mutant mice are displayed. Mann--Whitney *U*‐test (unpaired, two‐tailed) was performed to assess statistical significance (ns, not significant).DEvoked firing frequency in PV interneurons from wildtype and *Nrg3* ^−/−^ mice after current injection of 400 pA (left) and 900 pA (right). Data from *n* = 59 (400 pA, wt), *n* = 55 (400 pA, *Nrg3* ^−/−^), *n* = 17 (900 pA, wt), and *n* = 41 (900 pA, *Nrg3* ^−/−^) neurons are displayed. Mann--Whitney *U*‐test (unpaired, two‐tailed) was performed to assess statistical significance (ns, not significant). No differences were detected in input resistance and evoked firing frequency between wildtype and *Nrg3* ^−/−^ mice.E--HsIPSC recordings of pyramidal (E, G) and PV neurons (F, H) in acute slices. sIPSC frequencies (E, F) and amplitudes (G, H) are shown. Data from *n* = 6 wildtype and *n* = 11 *Nrg3* ^−/−^ pyramidal neurons and from *n* = 4 wildtype and *n* = 7 *Nrg3* ^−/−^ PV interneurons were analyzed using an unpaired two‐tailed *t*‐test, and no significant (ns) differences were detected.Data information: Data in (C--H) are presented as box plots with Tukey\'s whiskers and outliers. Plus symbols denote the mean.](EMBJ-37-e98858-g011){#embj201798858-fig-0005ev}

We hypothesized that a loss of excitatory synapses onto interneurons leads to a disinhibition of the hippocampal network. Indeed, such disinhibition was previously reported in mice that lack ErbB4 in interneurons (Del Pino *et al*, [2013](#embj201798858-bib-0012){ref-type="ref"}). To test whether hippocampal neurons were more active in slices of *Nrg3* ^−/−^ mice, we recorded spontaneous excitatory postsynaptic currents (sEPSCs; Fig [5](#embj201798858-fig-0005){ref-type="fig"}F--I). The frequency of sEPSCs, but not their amplitude, was increased in pyramidal cells of *Nrg3* ^−/−^ mice, indicating that these neurons received more excitatory drive than in controls (Fig [5](#embj201798858-fig-0005){ref-type="fig"}F and H). sEPSC frequency and amplitude were not significantly changed in PV interneurons, although we observed a trend toward increased frequency (Fig [5](#embj201798858-fig-0005){ref-type="fig"}G and I). Recordings of spontaneous inhibitory postsynaptic currents (sIPSCs) in pyramidal cells and PV interneurons performed in pharmacological isolation were unchanged, suggesting that the observed disinhibition is based largely upon a reduction in glutamatergic recruitment of interneurons (Fig [EV5](#embj201798858-fig-0005ev){ref-type="fig"}). Together, these experiments indicate that the loss of excitatory synapses onto interneurons results in increased activity of the hippocampal network in acute slice preparations of Nrg3 mutants, which was further supported by network analysis.

Nrg3 and hippocampal network function {#embj201798858-sec-0008}
-------------------------------------

To examine the impact of the altered connectivity on hippocampal network activity *in vivo*, we compared local field potential recordings in the CA1 region of awake *Nrg3* ^−/−^ and wildtype mice. Recordings from *Nrg3* ^−/−^ mice displayed abnormal, fast rising and large amplitude (2--15 mV) network spikes that were never observed in wildtype mice (Fig [6](#embj201798858-fig-0006){ref-type="fig"}A). When spontaneous forepaw movement was monitored in parallel (Zhao *et al*, [2016](#embj201798858-bib-0065){ref-type="ref"}), we observed that the abnormal network spikes were present during both periods of forepaw movement and quiet wakefulness in *Nrg3* ^−/−^ mice (Fig [6](#embj201798858-fig-0006){ref-type="fig"}A). Thus, neuronal network synchrony is disrupted in *Nrg3* ^−/−^ mice. We next analyzed network activity during spontaneous forepaw movement. Fast Fourier transformation analysis of the local field potential recordings (Fig [6](#embj201798858-fig-0006){ref-type="fig"}B--D) revealed that high‐frequency gamma band activity (30--80 Hz) was increased in *Nrg3* ^−/−^ mice. This frequency band has been previously associated with inhibitory neuron signaling (Buzsaki & Wang, [2012](#embj201798858-bib-0006){ref-type="ref"}). Finally, we examined sharp wave ripple oscillations, a hallmark of hippocampal activity in resting mice that is thought to be generated by local synaptic interactions in the hippocampus (Maier *et al*, [2011](#embj201798858-bib-0039){ref-type="ref"}). Ripple oscillations were present in *Nrg3* ^−/−^ mice but occurred only rarely (Fig [6](#embj201798858-fig-0006){ref-type="fig"}E and F) and had a lower characteristic peak frequency (Fig [6](#embj201798858-fig-0006){ref-type="fig"}G and H). We suggest that the reduced excitatory connectivity onto PV interneurons in *Nrg3* mutant mice leads to altered neuronal synchrony and dysfunctions at the hippocampal network level.

![Disruption of hippocampal activity in awake *Nrg3* ^−/−^ mice\
Examples of local field potential (LFP) recordings (black) from the CA1 region of the hippocampus of a wildtype (wt, left) and a *Nrg3* ^−/−^ mouse (right). Movement of the forepaw was monitored in parallel and is shown on top (blue). Note the appearance of unusual network spikes in the *Nrg3* ^−/−^ mouse (arrows).Example LFP recordings of wildtype and *Nrg3* ^−/−^ mice during paw movement and, below, the corresponding normalized spectrogram of the fast Fourier transform (FFT) over time, colored in arbitrary units (A.U.).Population mean FFT from 9 wildtype and 8 *Nrg3* ^−/−^ mice during movement.Gamma band activity during paw movement quantified as the area of the FFT from 30 to 80 Hz.Example LFP traces showing sharp wave ripple oscillations from resting wildtype and *Nrg3* ^−/−^ mice.Quantification of the occurrence rate of sharp wave ripple oscillations in wildtype and *Nrg3* ^−/−^ mice.Population mean FFT of sharp wave ripples in quiet wildtype and *Nrg3* ^−/−^ mice.Quantification of peak frequencies of ripples in wildtype and *Nrg3* ^−/−^ mice.Data information: Population analyses in (C, D, F, G, H) with data from *n* = 9 (wt) and *n* = 8 (*Nrg3* ^−/−^) littermate mice, statistically evaluated using Mann--Whitney *U*‐test (unpaired, two‐tailed, \*\*\**P* \< 0.001, \*\**P* \< 0.01, \**P* \< 0.05) and presented as box plots with Tukey\'s whiskers and outliers. Plus symbols denote the mean.](EMBJ-37-e98858-g012){#embj201798858-fig-0006}

Discussion {#embj201798858-sec-0009}
==========

Synaptic dysfunction has been implicated in various neuropsychiatric disorders such as schizophrenia and autism (van Spronsen & Hoogenraad, [2010](#embj201798858-bib-0047){ref-type="ref"}). Genomewide association studies in humans as well as behavioral analyses of mutant mice have implicated Nrg3 in neuropsychiatric disorders (Wang *et al*, [2008](#embj201798858-bib-0057){ref-type="ref"}; Chen *et al*, [2009](#embj201798858-bib-0009){ref-type="ref"}; Xu *et al*, [2009](#embj201798858-bib-0059){ref-type="ref"}; Kao *et al*, [2010](#embj201798858-bib-0030){ref-type="ref"}; Morar *et al*, [2011](#embj201798858-bib-0042){ref-type="ref"}; Meier *et al*, [2013](#embj201798858-bib-0040){ref-type="ref"}). Here, we demonstrate that Nrg3 has a role in excitatory synaptogenesis and synaptic function in hippocampal interneurons and that it is the crucial interaction partner of ErbB4 in PV interneurons. We show that Nrg3 in presynaptic cells recruits ErbB4 to the postsynaptic site, and vice versa that ErbB4 recruits Nrg3 to the presynapse. Nrg3 enhanced synaptogenesis on ErbB4^+^ hippocampal interneurons in culture. Further, loss of Nrg3 reduced synapse numbers *in vivo* and *in vitro*. It should be noted that Nrg3/ErbB4 interaction might enhance formation and/or contribute to the stabilization of excitatory synapses that together determine synapse numbers. In cultured neurons, the role of Nrg3 in synapse formation and recruitment of pre‐ and postsynaptic proteins did depend on ErbB4 but was independent of ErbB4 kinase activity. Furthermore, strong overexpression of Nrg3 induced the formation of long contacts between ErbB4^+^ dendrites and Nrg3^+^ axons. These observations indicate that Nrg3/ErbB4 interaction provides adhesive cues. We conclude that Nrg3 is a critical interaction partner of ErbB4 in interneurons and that Nrg3/ErbB4 interactions are necessary for the correct development and function of excitatory synapses onto interneurons.

Synapse specificity {#embj201798858-sec-0010}
-------------------

We show here that Nrg3 promotes synaptogenesis as well as pre‐ and postsynaptic specialization of excitatory synapses on hippocampal interneurons. Thus, Nrg3 is a determinant of the inhibitory neuron connectivity. Adhesive interactions between pre‐ and postsynaptic neurons provide a basis for synaptogenesis. Our data indicate that Nrg3/ErbB4 interactions provide such adhesive cues. Neurexins and neuroligins are the best‐studied example of adhesive molecules that are key organizers of synapse formation and function in the brain (Chen *et al*, [2017](#embj201798858-bib-0011){ref-type="ref"}; Polepalli *et al*, [2017](#embj201798858-bib-0045){ref-type="ref"}). We suggest that the Nrg3/ErbB4 interaction provides an analogous key and lock system. When neurons produced different relative Nrg3 levels in culture (i.e., endogenous Nrg3 levels versus the levels observed in neurons that express endogenous plus lentivirally expressed Nrg3), the neurons that expressed more Nrg3 were better donors of presynaptic terminals and thus had a competitive advantage to form synapses on ErbB4^+^ interneurons. Thus, different levels of Nrg3 might be presented by different neuron types *in vivo* and this might modulate their propensity to synapse onto ErbB4^+^ interneurons.

In addition, we show here that Nrg3 affects the functional properties of excitatory synapses on GABAergic interneurons. Synapses are continuously restructured throughout life, which is important for all aspects of brain function (Fu & Zuo, [2011](#embj201798858-bib-0017){ref-type="ref"}; Berry & Nedivi, [2017](#embj201798858-bib-0004){ref-type="ref"}). The fact that Nrg3 changes the paired pulse ratio of excitatory postsynaptic currents at synapses *in vivo* and *in vitro* indicates that Nrg3/ErbB4 also plays a role in short‐term plasticity. Pre‐ and postsynaptic recruitment of proteins to the synapse is well known to modulate functional synaptic properties. Our observation that Nrg3 enhances the recruitment of pre‐ and postsynaptic proteins in a dose‐dependent manner indicates that differences in the levels of presented Nrg3 might also regulate the functional properties of synapses.

We also observed clear co‐clustering of Nrg3 and ErbB4 in excitatory synapses on PV interneurons in the hippocampus and cortex, where PV neurons are known to express particularly high ErbB4 levels *in vivo*. In hippocampal neuron cultures, Nrg3/ErbB4 co‐clustering can be observed in all ErbB4^+^ neurons, i.e., PV‐positive and PV‐negative interneurons. Nrg3 is also expressed by a subset of inhibitory neurons and we observed low levels of Nrg3 staining in a small proportion of inhibitory synapses in hippocampal neuron cultures. Therefore, an important topic for future investigation will be to investigate whether and how Nrg3 and ErbB4 function in other synapse types, for instance, in inhibitory synapses.

Nrg3, synaptic excitation of inhibitory neurons, and hippocampal network activity {#embj201798858-sec-0011}
---------------------------------------------------------------------------------

We show here that there is a reduction in excitatory synapses on PV interneurons in Nrg3 mutant mice, which was revealed by histological analyses and paired recordings that directly assessed the monosynaptic connectivity between pyramidal and PV interneurons. Reduced excitatory input onto interneurons was previously shown to cause disinhibition of pyramidal cells (Del Pino *et al*, [2013](#embj201798858-bib-0012){ref-type="ref"}). We also observed this in our Nrg3 mutant mice. Additional evidence for a change in the balance of excitation and inhibition comes from our analysis of network activity in live animals that demonstrates remarkable large amplitude network spikes. Furthermore, the power of gamma oscillations in the hippocampus of Nrg3 mutant mice is strongly increased. Gamma oscillations represent a network phenomenon that involves distant inputs to hippocampus, and depend on pyramidal and PV neurons but also on additional local cell types (Veit *et al*, [2017](#embj201798858-bib-0054){ref-type="ref"}). Recent studies have linked reduced glutamatergic excitatory drive to interneurons with an increase in gamma activity, for example, in ErbB4 mutant mice (Del Pino *et al*, [2013](#embj201798858-bib-0012){ref-type="ref"}) and in mice in which the NR1 NMDA receptor subunit was ablated in PV neurons (Korotkova *et al*, [2010](#embj201798858-bib-0032){ref-type="ref"}; Carlen *et al*, [2012](#embj201798858-bib-0007){ref-type="ref"}). Thus, reduced excitatory input to PV neurons, but also other changes, might contribute to the increase in gamma activity observed in Nrg3 mutant mice. Mutation of Nrg3 in specific neuronal types as well as manipulations that distinguish cell‐autonomous and paracrine functions of Nrg3 will be required to unambiguously assign physiological changes observed *in vivo* to particular synapse types. Large amplitude network spikes and increased power of gamma oscillations in the hippocampus have been also reported in ErbB4 mutant mice, which supports the notion that Nrg3 is a functionally critical ErbB4 interaction partner.

Nrg1, Nrg3, and ErbB4 signaling {#embj201798858-sec-0012}
-------------------------------

Nrg3 shares structural similarities with the type III isoform of Nrg1. The precursor forms of type III Nrg1 and Nrg3 pass the membrane twice, are processed by Bace1 in the juxtamembrane region, remain membrane‐associated after Bace1‐proteolysis, and their EGF domains are presented extracellularly (Vullhorst *et al*, [2017](#embj201798858-bib-0056){ref-type="ref"}). However, Nrg3 and Nrg1 differ remarkably in their signaling activity. We show here that even at micromolar concentrations, the EGF domain of Nrg3 does not induce efficient tyrosine phosphorylation of ErbB4 in primary neurons, which is in marked contrast to the strong signaling activity of Nrg1. This is in accordance with previous reports that found little Nrg3 signaling activity in cancer cell lines (Hobbs *et al*, [2002](#embj201798858-bib-0026){ref-type="ref"}). Further, among the known ligands of ErbB4, Nrg3 was reported to have unusually low affinity (Jones *et al*, [1999](#embj201798858-bib-0028){ref-type="ref"}). It is interesting to note that affinities between cell adhesion receptors and their ligands are typically lower than affinities of signaling molecules. The low affinity and poor signaling activity are in accordance with a role of Nrg3 as a presynaptic adhesion molecule.

We show here that presynaptic Nrg3 efficiently clusters ErbB4 in the postsynaptic membrane independently of ErbB4 kinase activity. Clustered ErbB4 might interact with the high‐affinity ligands like Nrg1 or Nrg2. In such competing situations, low‐affinity Nrg3 that possesses poor signaling activity could be displaced in subsets of ErbB4 molecules by a high‐affinity ligand and activate the clustered ErbB4 tyrosine kinase, thereby modulating synaptic function. Recombinant Nrg1 regulates PSD95 stability, fast‐spiking interneuron activity, and the activity of glutamate receptors and voltage‐gated sodium and potassium channels (Bjarnadottir *et al*, [2007](#embj201798858-bib-0005){ref-type="ref"}; Abe *et al*, [2011](#embj201798858-bib-0001){ref-type="ref"}; Li *et al*, [2011](#embj201798858-bib-0035){ref-type="ref"}; Ting *et al*, [2011](#embj201798858-bib-0052){ref-type="ref"}; Janssen *et al*, [2012](#embj201798858-bib-0027){ref-type="ref"}; Yao *et al*, [2013](#embj201798858-bib-0061){ref-type="ref"}), and all of these functions were suggested to be mediated by ErbB4 signaling. Thus, it is possible that Nrg3 and Nrg1/Nrg2 have distinct synaptic functions, which differentially depend on ErbB4 tyrosine kinase signaling.

We observed *in vitro* that neurons expressing Nrg3 have a pronounced bias to synapse onto ErbB4‐positive rather than onto ErbB4‐negative neurons. Interestingly, this bias does not rely on the classical tyrosine kinase signaling activity of ErbB4, which supports the notion that adhesive Nrg3/ErbB4 interactions might provide the mechanism for the synaptic bias. Furthermore, we also noted that Nrg3‐dependent synaptophysin recruitment was independent of the ErbB4 tyrosine kinase activity. In accordance, overexpressed kinase‐dead ErbB4 was previously noted to modulate synaptic maturation (Krivosheya *et al*, [2008](#embj201798858-bib-0033){ref-type="ref"}). While this paper was under revision, an ErbB4‐independent cell‐autonomous role of Nrg3 in glutamatergic transmission was reported (Wang *et al*, [2018](#embj201798858-bib-0058){ref-type="ref"}). Future work will be required to distinguish the relative contribution of ErbB4‐dependent and ErbB4‐independent functions of Nrg3. It should however be noted that ErbB4 (Fazzari *et al*, [2010](#embj201798858-bib-0014){ref-type="ref"}; Del Pino *et al*, [2013](#embj201798858-bib-0012){ref-type="ref"}) and Nrg3 mutant mice display extensive phenotypic similarities, suggesting that ErbB4 depends on Nrg3 to exert its roles in inhibitory connectivity, synaptic function, and hippocampal network activity. We conclude that despite its low affinity, Nrg3 is an important ErbB4 interaction partner for synaptogenesis and synapse function.

Materials and methods {#embj201798858-sec-0013}
=====================

Animals {#embj201798858-sec-0014}
-------

All experiments were done in accordance with the guidelines and policies of the European Union and the Max Delbrueck Center for Molecular Medicine and the Charité Berlin, Germany, and approved by the Berlin animal ethic committee.

The following mutant mouse strains were used in this study: Nrg3, Nrg3 \<tm1.1Cbm\> (Loos *et al*, [2014](#embj201798858-bib-0037){ref-type="ref"}); heart‐rescued ErbB4, ErbB4 \<tm1Grl\>;Tg(Myh6‐ERBB4)HT2Gass (Tidcombe *et al*, [2003](#embj201798858-bib-0051){ref-type="ref"}); ErbB4flox, ErbB4 \<tm1Fej\> (Long *et al*, [2003](#embj201798858-bib-0036){ref-type="ref"}); Parv‐Cre, Pvalb\<tm1(cre)Arbr\> (Hippenmeyer *et al*, [2005](#embj201798858-bib-0025){ref-type="ref"}); Gad67‐GFP, Gad1 \<tm1.1Tama\> (Tamamaki *et al*, [2003](#embj201798858-bib-0050){ref-type="ref"}); Ai14, Gt(ROSA)26Sor\<tm14(CAG‐tdTomato)\>Hze (Madisen *et al*, [2010](#embj201798858-bib-0038){ref-type="ref"}); and vGAT‐Cre, Tg(Slc32a1‐cre)2.1Hzo (Chao *et al*, [2010](#embj201798858-bib-0008){ref-type="ref"}). All strains were maintained on a C57BL/6 background.

Quantitative RT--PCR analyses of Neuregulin transcript levels in brain {#embj201798858-sec-0015}
----------------------------------------------------------------------

Cortex, hippocampus, and striatum were dissected from juvenile mice (P30--60) and quickly frozen on dry ice. RNA was isolated using TRIzol reagent (ThermoFisher, Waltham, USA), and single‐strand cDNA was transcribed. qPCR was performed and analyzed in CFX96 Real‐Time System (Bio‐Rad, Hercules, USA). PCR products were subcloned into pGEM‐T Easy (Promega, Madison, USA), and their identity was confirmed by sequencing. Dilution series of linearized plasmids were used as standard curves to compare numbers of different transcripts. PCR primers for neuregulins, Ube2l3, and the Amp^R^ gene β‐lactamase (bla) are listed in Table [1](#embj201798858-tbl-0001){ref-type="table"}.

###### 

qPCR primer details

  Gene           Forward primer sequence     Reverse primer sequence
  -------------- --------------------------- ------------------------------
  Nrg1β‐I        AAGGCGACCCGAGCCCAGCATTG     TTACGTAGTTTTGGCAACGATCACCAGT
  Nrg1β‐II       CCACTCAGCCTTCCCGTCCT        CGTAGTTTTGGCAACGATCACCAGT
  Nrg1β‐III      CAGGAACTCAGCCACAAACAACAGA   CGTAGTTTTGGCAACGATCACCAGT
  Nrg2α          ATTCGCATCAAGTATGGCAATGGC    GCTTAGGATCTGGCATGTACAATCGC
  Nrg2β          CAACCGGAGTCGTGATATTCGCAT    CCGGTGTATCCCACAGGACACTTG
  Nrg3           ACAAGGACCTGGCGTATTGTCTCA    AGATGGACATGGCTCTTCATCAAGCTC
  Ube2l3         GGTCTGTCTGCCAGTCATTAGTGC    GGGGTCATTCACCAGTGCTATGAG
  bla (Amp^R^)   CTCAGCGATCTGTCTATTTCGT      TTACTCTAGCTTCCCGGCAAC
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Production of recombinant His~6~‐Nrg1β and His~6~‐Nrg3 {#embj201798858-sec-0016}
------------------------------------------------------

Sequences of Nrg1β and Nrg3 encoding their EGF domains up to the Bace1‐cleavage site were fused downstream to the signal sequence and His~6~‐tag encoding sequences in the expression vector pCEP‐Pu/BM40 (Kohfeldt *et al*, [1997](#embj201798858-bib-0031){ref-type="ref"}). HEK293‐6E cells were transiently transfected, and secreted His~6~‐Nrg1β and His~6~‐Nrg3 were enriched from the medium on TALON Metal Affinity Resin (Clontech, Mountain View, USA). The concentrations of His~6~‐Nrg1β and His~6~‐Nrg3 were estimated from the total protein concentration (Pierce BCA Protein Assay kit, ThermoFisher Scientific, Schwerte, Germany) and purity calculated from optical density scans of Coomassie‐stained electrophoresis gels.

Generation of anti‐ErbB4 antisera {#embj201798858-sec-0017}
---------------------------------

Coding sequences for the C‐terminal tail of mouse ErbB4 (aa 975--1292 of NP_034284.1) were inserted behind His~6~‐tag coding sequences in the expression vector pET14b (Novagen, Madison, USA). Protein was produced in the bacterial strain BL21(DE3)pLysS and purified from inclusion bodies on TALON Metal Affinity Resin under denaturing conditions in the presence of 6M urea. Three rabbits and three guinea‐pigs were used for immunization (Charles River, Sulzfeld, Germany). Antisera were tested for specificity on material from wildtype and ErbB4 mutant animals (Fig [EV1](#embj201798858-fig-0001ev){ref-type="fig"}).

Neuron culture and lentiviral transduction {#embj201798858-sec-0018}
------------------------------------------

Hippocampal neurons were cultured on poly‐L‐lysine‐coated coverslips (PrimeGlass, Forstinning, Germany) over an astrocyte feeder layer in NBA medium (Neurobasal A supplemented with GlutaMAX and 2% B‐27) as described (Kaech & Banker, [2006](#embj201798858-bib-0029){ref-type="ref"}). Hippocampal neurons were plated at a density of 70,000 cells/well in 12‐well plates containing the coverslips. Ninety minutes after plating, coverslips were transferred upside down to wells containing an astrocyte feeder layer. 5--10,000 IU/well of lentiviruses encoding nuclear red fluorescence protein (nRFP), synaptophysin‐CFP fusion protein, and Nrg3 or Nrg3ΔEGF separated by 2A sequences resulted in the transduction of 10--20% of neurons. Neuron‐specific lentiviral expression was ensured by the use of the Syn1 promoter. Cre‐dependent lentiviruses encoding ErbB4 and ErbB4kd (Prickett *et al*, [2009](#embj201798858-bib-0046){ref-type="ref"}) were used at 50--100,000 IU per well. All lentiviruses were constructed and produced by the Viral Core Facility of Charité‐Universitätsmedizin, Berlin, Germany. Neuron cultures transduced with lentiviruses were fixed after 14--18 days with 4% PFA in PBS for 20 min at room temperature. For the quantification of synapses on wildtype and *Nrg3* ^−/−^ PV interneurons, cultures were fixed after 21--24 days in culture, which improved parvalbumin expression. Secondary dendrites of PV^+^ interneurons were imaged and analyzed.

For co‐culture experiments, HEK293 cells were transfected with pcDNA3.1(puro)‐Nrg3 or pcDNA3.1(puro)‐Nrg3ΔEGF. A Bace1 expression vector was co‐transfected to improve Nrg3 processing and surface localization. Cells were selected using puromycin and FACS‐sorted for surface expressed Nrg3. Nrg3‐ and Nrg3ΔEGF‐expressing HEK cells were plated on top of neurons at 7 days in culture. Co‐cultures were fixed 3 days later.

For biochemical experiments, ganglionic eminences from brains of embryonic day 13--14 mice were used to increase the number of ErbB4^+^ interneurons in culture. The cells were plated on poly‐ornithine‐coated tissue culture dishes at a density of 3 million cells per 10‐cm dish in serum‐free NBA medium; 50% of the medium was astrocyte conditioned. Neurons were stimulated with recombinant His~6~‐Nrg1 and His~6~‐Nrg3 at day 7 for 8 min, washed briefly with cold PBS, and lysed in RIPA buffer (150 mM NaCl, 1% NP‐40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, Roche Complete protease inhibitor and Sigma phosphatase inhibitor cocktails 2 and 3).

Fractionation of brain extracts, Western blot analysis, and immunohistology {#embj201798858-sec-0019}
---------------------------------------------------------------------------

Brain fractionation was performed as described (Fiuza *et al*, [2013](#embj201798858-bib-0015){ref-type="ref"}). In brief, cortices from adult mice were homogenized, and the homogenate was cleared by low‐speed centrifugation (1000 *g* for 10 min). The supernatant (crude lysate, S1) was separated by centrifugation at 10,000 *g* for 15 min into supernatant S2 containing cytosol and light membranes, and pellet P2 containing crude synaptosomes. S2 was centrifuged at 100,000 *g* for 20 min, resulting in a supernatant containing the cytosol fraction (S2′) and a pellet containing the light membranes fraction (LM). P2 was resuspended and re‐pelleted at 10,000 *g* for 15 min, resulting in washed synaptosomes (P2′). Synaptosomes were hypotonically lysed, and the lysates were centrifuged at 25,000 *g* for 20 min, producing the lysed synaptosomal membrane fraction in pellet P3 and a supernatant S3, which was centrifuged again at 165,000 *g* for 3 h to pellet synaptic vesicles (SV), and a supernatant of the soluble synaptosomal fraction (S3′). P3 was resuspended and layered on top of a discontinuous sucrose gradient of 0.8, 1.0, and 1.25 M sucrose. The gradient was centrifuged for 3 h at 150,000 *g*, and protein was recovered from the 1.0/1.25 M sucrose interphase, diluted, and pelleted for 30 min at 150,000 *g*, resulting in the synaptic plasma membrane fraction (SPM). For Western blot detection of Nrg3 in these fractions, 25 μg of fractions S1, S2, and S2′ and 15 μg of all other fractions except S3′ were used for electrophoresis. S3′ contained very little protein, and therefore, a volume equivalent to fraction P2′ was used.

Western blot analysis was performed using brain and cell lysates prepared in RIPA buffer. Protein concentrations were determined using the Pierce BCA Protein Assay kit. 750 μg of lysate protein was used for ErbB4 immunoprecipitation with 1 μl of guinea‐pig antiserum and 50 μl of Protein A‐Dynabeads (Life Technologies, Darmstadt, Germany).

For immunohistochemistry, brains were fixed with 4% PFA in 0.1 Na‐phosphate buffer for 4--5 h at 4°C. They were washed several times with cold PBS and cryo‐protected using 30% sucrose in PBS before embedding and freezing them in 20% gelatin/20% sucrose in PBS. 50‐μm sections were cut on a sliding microtome and stained as floating sections. For GluA4 immunostainings, sections were pretreated with pepsin as described (Fukaya & Watanabe, [2000](#embj201798858-bib-0018){ref-type="ref"}). Primary antibodies are listed in Table [2](#embj201798858-tbl-0002){ref-type="table"}. Secondary antibodies raised in donkey, highly cross‐adsorbed, and conjugated to DL405, Alexa488, DL488, Cy3, Alexa647, and DL647 fluorophores were purchased from Dianova, Hamburg, Germany.

###### 

List of antibodies

  ------------------------------------------------------------------------------------------------------
  Specificity        Host species          Vendor, Cat. \#                     Usage
  ------------------ --------------------- ----------------------------------- -------------------------
  Akt                Rabbit                Cell Signaling, \#9272              WB: 1:1,000

  ErbB4              Mouse                 Thermo, MA5‐12888                   ICC: 1:300

  ErbB4              Rabbit & guinea‐pig   Described in Material and Methods   ICC, IHC, WB: 1:10,000\
                                                                               IP: 1 μl antiserum

  Erk1/2             Rabbit                Cell Signaling, \#9102              WB: 1:1,000

  GFP                Chick                 Thermo, A10262                      ICC: 1:1,000

  GluA               Mouse                 SySy, 182411                        ICC: 1:300

  GluA4              Guinea‐pig            Fontier Sc., GluA4N‐GP‐Af640‐1      IHC: 1:300

  Nrg3               Goat                  Neuromics, GT15021                  ICC, IHC WB: 1:3,000

  Nrg3               Rabbit                Santa Cruz, SC‐67002                ICC, IHC WB: 1:3,000

  Parvalbumin        Rabbit                Swant, PV‐25                        IHC, ICC: 1:3,000

  Phospho‐Erk1/2     Rabbit                Cell Signaling, \#4370              WB: 1:1,000

  Phospho‐Akt        Rabbit                Cell Signaling, \#9271              WB: 1:1,000

  Phospho‐tyrosine   Mouse                 Santa Cruz, SC‐7020                 WB: 1:1,000

  Pro‐CCK            Rabbit                Gift from Andrea Varro              IHC: 1:10,000

  RFP                Rabbit                Antibodies‐online, ABIN129578       ICC: 1:2,000

  vGAT               Rabbit                SySy, 131002                        ICC: 1:1,000

  vGlut1             Guinea‐pig            SySy, 135304                        ICC: 1:1,000

  vGlut2             Guinea‐pig            SySy, 135404                        ICC: 1:300
  ------------------------------------------------------------------------------------------------------
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Imaging and image analysis {#embj201798858-sec-0020}
--------------------------

All images of immunostained neurons and tissue slices were acquired using a LSM700 (Zeiss, Jena, Germany) confocal microscope with a motorized stage and 20×, 40×, and 100× objectives. To acquire overview images of the hippocampus, the 20× objective and the tile scan and stitch functions of the ZEN2010 software were used. For display of immunostainings, brightness and contrast were adjusted globally using Adobe Photoshop.

To count Nrg3, ErbB4, and GluA4^+^ puncta in pepsin‐treated brain slices, z‐stack images of dendrites in the CA1 stratum radiatum of the intermediate hippocampus were taken. Images were processed in ImageJ. GluA4^+^ puncta were counted blind to genotype.

Lentivirus‐transduced neurons were immunostained for Nrg3, ErbB4, GFP, and vGlut1/2 and imaged using the 40× objective, 1× zoom, and 2,048 × 2,048 pixel resolution. Particular care was taken that no channel became saturated. Images containing ErbB4^+^ neurons were analyzed automatically using a macro for Fiji/ImageJ: vGlut1/2^+^ puncta were identified using the AdaptiveThreshold plug‐in (using = Mean, from = 15, then = −10) and the Analyze Particles function (size = 30--250, circularity = 0.80--1.00). This results in a list of identified vGlut1/2^+^ puncta, called Particles in Fiji/ImageJ, that are rounded and have a diameter range of 0.5--1.4 μm. Typically, between 2,000 and 4,000 puncta were identified in a single sample image. To identify which of these puncta were overlapping or in close proximity to ErbB4^+^ neurons, the ErbB4 channel was auto‐thresholded, expanded by 5px (corresponding to ≈ 0.4 μm), and the Measure Particles function was applied. vGlut1/2^+^ puncta with a measured MAX of 255 were considered in contact with ErbB4^+^ neurons. To identify which of the vGlut1/2^+^ puncta derived from virus‐transduced SypCFP^+^ neurons, the GFP channel was thresholded using the AdaptiveThreshold plug‐in. The Measure Particles function was applied to this image. vGlut1/2^+^ puncta with a measured MAX of 255 were considered to be SypCFP^+^ and to derive from virus‐transduced neurons. Lastly, fluorescence levels in the individual channels of the original image were measured for all vGlut1/2^+^ puncta using the Measure Particles function. All measurements from a single sample image were imported into Excel (Microsoft Office). vGlut1/2^+^ puncta were sorted into four groups: (i) C+ group corresponding to puncta with contact to ErbB4 and positive for SypCFP; (ii) C− group corresponding to puncta with contact to ErbB4 and negative for SypCFP; (iii) N+ group corresponding to puncta not in contact with ErbB4 but positive for SypCFP; and (iv) N‐ group corresponding to puncta not in contact with ErbB4 and negative for SypCFP. For the puncta in each group, the fluorescence readings were averaged. For the comparison of *Nrg3* ^−/−^ and *Nrg3* ^−/−^;*ErbB4* ^−/−^ neurons, interneurons were stained with antibodies against ErbB4 and parvalbumin.

The following values were calculated for every sample image:

Synapse preference (Sp) is a measure for the increased likelihood of a virus‐transduced neuron to synapse on an ErbB4^+^ neuron and was calculated using the formula, in which \[ \] refers to the number of puncta in each group: $$\text{Sp} = {\frac{\lbrack C + \rbrack}{\lbrack C + \rbrack + \lbrack C - \rbrack}/}\frac{\lbrack N + \rbrack}{\lbrack N + \rbrack + \lbrack N - \rbrack}$$

The SypCFP enrichment factor (SypCFP‐Ef) is a measure for the increase in presynaptic SypCFP levels in synapses on ErbB4^+^ neurons as compared to synapses on ErbB4^−^ neurons and was calculated as: $$\text{SypCFP\ ‐\ Ef} = \frac{\text{MEAN\ SypCFP\ level}\mspace{6mu}(C + )}{\text{MEAN\ SypCFP\ level}\mspace{6mu}(N + )}$$

The ErbB4 enrichment factor (ErbB4‐Ef) is a measure for the increase of postsynaptic ErbB4 levels in synapses with boutons from transduced neurons as compared to synapses with untransduced neurons and was calculated as: $$\text{ErbB4\ ‐\ Ef} = \frac{\text{MEAN\ ErbB4\ level}\mspace{6mu}\mspace{720mu}(C + )}{\text{MEAN\ ErbB4\ level}\mspace{720mu}(C - )}$$

Images from at least three independent experiments were analyzed. The use of ratios for quantification facilitated the pooling of numbers from different experiments because they compensated for variability in staining intensity.

Similarly, for counting of vGlut1/2^+^ and vGAT^+^ synapses on ErbB4/PV^+^ neurons in culture, presynaptic boutons were identified and counted using the AdaptiveThreshold macro and the Analyze Particles function in Fiji/ImageJ.

Paired recordings from cultured neurons {#embj201798858-sec-0021}
---------------------------------------

*Nrg3* ^−/−^;*Gad1/Gad67*‐GFP/^+^ were transduced with lentiviruses expressing either nRFP‐Nrg3 or nRFP‐Nrg3ΔEGF. GFP fluorescence marks interneurons of which all with large soma express ErbB4, and nuclear red fluorescence marks virus‐infected neurons. Paired recordings were performed using the whole‐cell patch‐clamp technique in voltage‐clamp mode after 12--15 days of culture. The extracellular solution consisted of (in mM) 115 NaCl, 3 KCl, 10 HEPES, 5 glucose, 2 CaCl~2~, and 1 MgCl~2~, pH 7.3, osmolality 260 mOsmol/kg. The patch pipettes were filled with intracellular solution composed of (mM) 3 NaCl, 90 KCl, 5 EGTA, 5 HEPES, 5 glucose, 0.5 CaCl~2~, and 4 MgCl~2~, pH 7.3, osmolality 220 mOsmol/kg. The resistance of patch pipettes was 3--5 MΩ. Both cells were clamped at a holding potential (V~h~) of −80 mV. Evoked postsynaptic currents in the GFP^+^ interneuron were induced by two depolarizing pulses from the V~h~ (−80 mV) to 0 mV (2 ms, interpulse interval 100 ms) in the presynaptic neuron (nRFP^+^, Gad67GFP^−^). Recordings were made using an EPC‐9 (HEKA Electronics, Lambrecht/Pfalz, Germany). Signals were sampled at a rate of 10 kHz and analyzed offline using WinTida 5.24 (HEKA Electronics, Lambrecht/Pfalz, Germany). More than three independent experiments were performed and analyzed blind to the lentivirus used.

Electrophysiology on hippocampal slices {#embj201798858-sec-0022}
---------------------------------------

Mice aged between P20 and P37 were anesthetized with isoflurane and decapitated. Immediately, the brain was removed and transferred to ice‐cold sucrose in artificial cerebrospinal fluid (ACSF), oxygenated with carbogen (95% O~2~, 5% CO~2~). ACSF consisted of (in mM) 87 NaCl, 25 NaHCO~3~, 1.25 NaH~2~PO~4~, 2.5 KCl, 10 [d]{.smallcaps}‐glucose, 75 sucrose, 0.5 CaCl~2~, and 3 MgCl~2,~ 310 mOsmol. Experiments were performed and analyzed blind to genotype.

We performed paired recordings in the hippocampal CA1 region from slices of Parv^Cre/+^;Ai14^flox/+^ littermate mice that were wildtype or mutant for Nrg3. Slices were transferred to the recording chamber and continually superfused with the extracellular solution containing (in mM) 125 NaCl, 25 NaHCO~3~, 1.25 NaH~2~PO~4~, 2.5 KCl, 10 glucose, 2 CaCl~2~, and 1 MgCl~2~ (saturated with 95% O~2~/5% CO~2~). The temperature in the recording chamber was 34 ± 2°C. PV interneurons were targeted based on their tdTomato expression and confirmed by their firing pattern, while pyramidal neurons were targeted based on their shape under DIC illumination (Fig [EV5](#embj201798858-fig-0005ev){ref-type="fig"}). For whole‐cell patch‐clamp recordings of PV interneurons, the electrode was filled with an intracellular solution containing (in mM) 10 HEPES, 6 KCl, 135 K‐gluconate, 2 MgCl~2~, 0.2 EGTA, 2 Na~2~ATP, 0.5 Na~2~GTP, and 5 Na~2~‐phosphocreatine, pH 7.2 (adjusted with a solution of KOH), 283 mOsm. For cell‐attached recordings and stimulation of pyramidal neurons, the presynaptic patch pipette was filled with (in mM) 141 NaCl, 2.5 KCl, 1.25 NaH~2~PO~4~, 2 CaCl~2~, and 1 MgCl~2~, pH 7.3 (adjusted with a solution of NaOH), 275 mOsm. Patch pipettes had resistances of 2--4 MΩ for whole‐cell recording of PV interneurons and 4--8 MΩ for cell‐attached recordings of pyramidal neurons. Multiclamp 700B amplifiers (Axon Instruments, Foster City, USA) were used for current‐ and voltage‐clamp recordings. Data were recorded and filtered at 10 kHz, digitized at 20 kHz, and monitored online using p‐clamp software. Postsynaptic PV interneurons were held in voltage‐clamp configuration at −70 mV, while putative presynaptic pyramidal neurons were held in the voltage‐clamp configuration in a cell‐attached mode technique, which allowed us to quickly screen for connection with still high selectivity (Barbour & Isope, [2000](#embj201798858-bib-0003){ref-type="ref"}). In voltage clamp, the presynaptic pyramidal neuron was stimulated with two brief positive pulses applied within the electrode, 300 mV to 1V for 0.3 ms to 0.5 ms, separated by 20‐ms delay. EPSC amplitudes of the evoked responses in the postsynaptic cell were measured at the peak of the response. After averaging 50 trials, a pair was defined as connected when the average of the EPSC peak current (4--5 ms after the stimulation) was crossing the threshold of 1.5 standard deviation of the mean baseline. The amplitude of the first EPSC and the paired pulse ratio (PPR), which was determined as EPSC2/EPSC1*,* were calculated as average of the first 50 responses.

sEPSCs were recorded from pyramidal neurons and PV interneurons in *Nrg3* ^+/+^ and *Nrg3* ^−/−^ littermate mice that carried additional Parv^Cre^ and Ai14^flox^ alleles in artificial cerebrospinal fluid. The patch pipette was filled with 10 HEPES, 6 KCl, 135 K‐gluconate, 2 MgCl~2~, 0.2 EGTA, 2 Na~2~ATP, 0.5 Na~2~GTP, and 5 Na~2~‐phosphocreatine, pH 7.2 (adjusted with a solution of KOH), at an osmolarity of 283 mOsm. sIPSCs were recorded from pyramidal cells and PV interneurons using artificial cerebrospinal fluid containing CNQX (20 μM) and D‐AP5 (50 μM), with a patch pipette containing (in mM) 140 KCl, 10 HEPES, 2 MgCl~2~, 0.2 EGTA, 2 Na~2~ATP, 0.5 Na~2~GTP, 5 Na~2~‐phosphocreatine, and 10 QX314 (pH 7.2, 290 mOsm).

*In vivo* electrophysiology {#embj201798858-sec-0023}
---------------------------

Recordings were previously described (Maier *et al*, [2011](#embj201798858-bib-0039){ref-type="ref"}). Briefly, wildtype and Nrg3^−/−^ littermates were implanted with a lightweight metal head holder under isoflurane anesthesia (1.5--2.0% in O~2~). A recording chamber was built from dental cement (Paladur, Heraeus Kulzer, Helsingborg, Sweden) on the left hemisphere. After 2 days of recovery followed by habituation to head and arm restrain, a craniotomy was performed (−2.5 mm posterior from bregma, +2 mm lateral). Animals (P40--52 on the day of the experiment) were allowed to recover in their home cage for 5 h. The right forepaw was lightly tethered to the recording platform with digits 2--5 overhanging the platform edge. A force‐feedback movement sensor arm (Dual‐Mode Lever Arm Systems 300‐C, Aurora Scientific, Aurora, USA) was positioned in contact with the glabrous skin of the digits to provide an online monitor of digit movement. Local field potential (LFP) recordings were made with low‐resistance (3.5--5.5 MΩ) glass pipettes filled with Ringer\'s solution and an Axon Multiclamp 700B amplifier. LFPs were filtered between 0.1 Hz and 10 kHz and digitized at 20 kHz (ITC18; HEKA Electronics) under the control of Igor Pro (Wavemetrics, Portland, USA). To identify CA1, the LFP pipette was positioned at 1383 ± 64 μm where clear ripple activity was detected on a TDS2024C oscilloscope screen (Tektronix, Beaverton, USA). Recordings and analyses were conducted blind to genotype. Network spikes in Nrg3 mutants were multiphasic, rapidly rising events that exceeded a threshold of ≥ 0.5 V with variable amplitude (Fig [6](#embj201798858-fig-0006){ref-type="fig"}A). We used the paw movement signal to identify 2‐second segments of quiet wakefulness (absence of movement, Quiet) and active movement (Move). The spectral content of the LFP was visualized with the MATLAB (MathWorks, Natick, USA) spectrogram function, and the gamma band (30--80 Hz) power was analyzed by measuring the area under the fast Fourier transform (FFT). The isolation and frequency analysis of sharp wave ripples followed the procedures as described (Maier *et al*, [2011](#embj201798858-bib-0039){ref-type="ref"}) and used FFT analysis with 5 Hz frequency resolution. The frequency between 100 and 200 Hz with the highest power was defined as ripple peak frequency.

Statistical analyses and display of data {#embj201798858-sec-0024}
----------------------------------------

Data are presented as box plots, showing the first quartile, median, and third quartile, with Tukey\'s whiskers and outliers; means are indicated by "+". Statistical analyses were performed using Prism 5 (GraphPad, La Jolla, USA), SigmaStat v11.0 (Systat Software, San Jose, USA), MATLAB (MathWorks, Natick, USA), or Igor Pro (Wavemetrics, Portland, USA). Details of statistical analyses are given in the legends.

Data availability {#embj201798858-sec-0025}
-----------------

The data that support the findings of this study, anti‐ErbB4 antibodies, and Nrg3 mutant mice are available from the corresponding author on reasonable request.
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The ImageJ and Excel macro codes are available from the corresponding author on reasonable request.
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